The aim of the study was the evaluation of electron beam computed tomography as a non-invasive method to localize coronary stents and to document patency in stented vessel segments.
Introduction
Implantation of coronary stents has become a valuable adjunct to transluminal balloon angioplasty in the treatment of complex coronary stenoses. Coronary stenting is not only employed to manage coronary dissection after balloon angioplasty, but is also increasingly .performed in de novo lesions 11 "* 1 . Compared to angioplasty, the rate of restenosis can be lowered by 30 to 50% [5>6) . However, even with high resolution fluoroscopy, the tiny struts of the widely used Palmaz-Schatz stent of 127 urn width and 76 urn depth usually cannot be visualized. Coronary angiography is required to prove stent patency, and correct localization and deployment of the stent can be documented best with intravascular ultrasound' 71 . In this setting, a non-invasive diagnostic method would be of great advantage to document short-and long-term patency of the stented vessel segment. Electron beam computed tomography allows non-invasive identification of coronary arteries and localization and quantification of intramural coronary . Contrast medium enhanced electron beam computed tomography has already been used in the assessment of aorto-coronary bypass graft patency ' 11] , and coronary bypass graft stent patency, as recently presented in a case report 1 ' 21 . We investigated the possibility of visualizing coronary Palmaz-Schatz stents and of assessing the patency of the stented vessel segment with electron beam computed tomography.
Patients and methods

Patients
From October 1994 to March 1995, 22 consecutive patients (16m/6f) with coronary Palmaz-Schatz stents and a mean age of 58 ± 7-8 years were examined by electron beam computed tomography and coronary angiography after having given informed consent. In all cases, only one vessel had been stented with one or more (2 to 5) stents. In two patients with coronary artery bypass grafts this was the protected left main coronary artery, in 10 patients the left anterior descending artery (proximal and mid-LAD), in one patient the proximal left circumflex artery, and in nine patients the right coronary artery (proximal, mid-, and distal RCA) ( Table 1 ). All stents were stainless steel Palmaz-Schatz balloon-expandable stents (Johnson&Johnson, Warren, NJ, U.S.A.), mounted on 30mm to 4-0mm balloons. Stent dilatation was performed at high pressure of more than 12atm.
Eight patients (36%) attended the cardiology department for routine angiographic follow-up examination 6 months after implantation of a coronary stent. One patient presented with bradyarrhythmia and syncope 1 month after stent implantation, another with recurrent angina pectoris 3 months after stent implantation. In 10 patients (45%) who attended for follow-up angiographic examination, electron beam computed tomography was performed prior to angiography, and in 12 patients (55%), the examination was initiated after angiography and coronary stent implantation. Both examinations always took place within 7 days. The electron beam computed tomography investigators were blinded to prior angiographic findings and individual stent localization. target rings and two detectors (256 x 256 pixel matrix, 26 cm field of view, [13-l4] ). The single-slice mode was used for localization of the stents in the present study, with scans ECG-triggered at 80% of the RR interval. This mode yields contiguous 3 mm sections with a high spatial resolution of >6 line pairs, cm"' and an acquisition time of 100ms [l3] . Structures with a computed tomography density of <400 Hounsfield Units were analysed in the 'soft tissue window', whereas structures of high density (coronary calcification, stent made of steel) were additionally evaluated in the 'bone window'.
Electron beam computed tomography
The multislice 'flow' mode was used to assess stent patency with peripheral intravenous contrast injection. It involved simultaneous scanning at eight different levels with an acquisition time of 50 ms and a maximum of 10 frames per level. Scans were ECG-triggered at either every cardiac cycle or every other cardiac cycle, depending on the heart rate (cut-off point: 78min~'). Section-thickness was 8 mm in the multislice mode. A loop of 10 consecutive frames was displayed at each level of the cine-function (Fig. 1) .
All studies were performed in the transaxial plane, with the patient in the neutral position. For evaluation of the coronary system and localization of the stents, 28 to 36 contiguous slices were obtained in the single-slice mode, beginning at the lower margin of the main pulmonary artery bifurcation. Patients were asked to hold their breath during the studies for approximately 20 s. According to stent localization, the appropriate level for multislice contrast imaging was chosen to show the stented vessel segment and at least five levels of the segments distal to it. Circulation time was determined using a peripheral intravenous bolus injection of 01 mg MgSO 4 and by the patient reporting the appearance time of a warm facial flush. Contrast medium enhancement was recorded in the flow mode beginning at two-thirds of the circulation time. A 40 ml bolus of non-ionic contrast medium (Ultravist 370) was injected in a peripheral arm vein at 5 ml. s ~' in the first two patients and then regularly at 10 ml. s~'.
In order to evaluate coronary contrast enhancement distal to the stent, contrast arrival and wash-out were compared to the ascending or descending aorta as reference vessels. The electron beam computed tomography examination was considered successful if contrast flow in the reference vessel and at least one coronary segment was assessable. If antegrade contrast enhancement distal to the target segment was visible and matched the time pattern in the reference vessel, the vessel segment was regarded as patent. This evaluation was performed by qualitative image analysis in the cine loop and quantitatively by computed tomographic densitometry. For quantitative densitometry, a region of interest distal to the stented vessel segment was defined in order to obtain a contrast time density curve after gamma variate curve fitting. Contrast rise time and peak contrast enhancement above baseline were documented Eur Heart J, Vol. 17, October 1996 ( Fig. 1) , and peak contrast enhancement was compared to the reference vessel. The electron beam computed tomography investigators (C.S., A.S.) independent of each other evaluated the cine loop recordings of all examinations. In case of interpretative differences, agreement was reached by discussion with a third investigator (D.G.). Time density analysis was then performed by two investigators (C.S., A.S.) together. Two months after the end of the study, the cine loop recordings were reevaluated by one of the investigators (C.S.).
Coronary angiography
Quantitative coronary angiography was performed with a minimum of four views of the left coronary artery and two views of the right coronary artery using a BICOR system (Siemens, Erlangen, Germany) and a CMS system (Medis, Leyden, The Netherlands) for quantitative measurements. In all cases, maximal luminal diameter narrowing was determined in the stented vessel segment. Moreover, the degree of intermediate lesions in the target vessel was quantified in order to exclude patients with significant stenoses (luminal diameter narrowing ;>50%) in the stented vessel. A good long-term result after stent implantation was assumed when the stented vessel lumen was normal or only slightly alterated (<15% luminal narrowing), and was regarded as a non-significant restenosis when luminal narrowing was <50%.
Results
Stent localization
In all patients, stents could be clearly identified by the regular contours in the 3 mm single-slice sections and distinguished from proximally or distally detected coronary calcium. Calcium plaques in close apposition to the stent could not be separated from the outer wall of the stent in four of the 22 patients (Fig. 2a) . According to their localization, stents were cut in an axial plane (left main coronary artery proximal LAD, proximal RCA) or transversally (descending RCA, LCX) (Fig. 2) . In three cases with two stents these could be distinguished from each other, whereas in two cases with three stents and one case with five stents the stent borders were not discernible.
Qualitative assessment of stent patency
In 20 patients (91%), stent patency, according to contrast medium enhancement, could be assessed in the cine loop. In two patients (9%), the examination procedure failed due to inadequate patient cooperation: the patients did not follow the instructions of the investigators for breath-holding, and contrast enhancement in the aorta and the coronary arteries could not be assessed.
In two successfully examined patients (10%), the cine loop showed altered contrast enhancement distal to the stented vessel segment as compared to the aorta. In a 59-year-old female patient, no contrast enhancement could be detected distal to the stent, whereas the pattern in the other major coronary arteries was comparable to the aorta. The next day, coronary angiography showed complete thrombotic stent occlusion. In a 50-year-old male patient, prolonged and reduced contrast enhancement distal to the stent hinted at a stenosis related to the stented vessel segment. Subsequent coronary angiography revealed a subtotal stenosis directly distal to the LAD stent.
In 18 patients (90%), the stented vessel segments were classified as being patent but in one case, one of the electron beam computed tomography investigators Eur Heart J, Vol. 17, October 1996 interpreted the cine loop recordings as ambiguous. Therefore, inter-observer variability in qualitative image analysis was 5%. The case was reviewed together with a third investigator, and agreement was reached to regard the target segment as patent. Coronary angiography confirmed patent stents in all patients of the group (Fig. 3) .
Reevaluation of the cine loop recordings by one of the investigators 2 months later yielded the same results except for one case classified as not clearly interpretable. This was the same case as the one discussed earlier.
Quantitative analysis of stent patency
In 17 (85%) of the successfully examined patients, a time density curve in a region of interest distal to the stent could be obtained. In a 59-year-old female patient without contrast enhancement distal to the LAD stent, no gamma variate curve could be fitted distal to the stent. In the RCA, however, a smooth densitometric curve was documented (Fig. 4) . In a 50-year-old male patient with reduced contrast enhancement distal to the LAD stent, the time density curve yielded by the LAD showed reduced intensity and a prolonged course of contrast enhancement compared to the LCX (Fig. 5,  Table 2 ). In the 18 patients with stented vessel segments regarded as patent in the cine loop, 16 time density curves could be yielded with a pattern comparable to the ascending or descending aorta. (Fig. 6, Table 2 ). In this group, no significant lesions of the stented coronary arteries were found by coronary angiography (Table 2) .
Discussion
This is the first study in which pathological findings, used to assess coronary Palmaz-Schatz stents, have been demonstrated by electron beam computed tomography. Although coronary stent patency has already been investigated using electron beam computed tomography 1151 , the finding of an occluded or highly stenosed stented vessel segment has not been reported before. The possibility of detecting these cases using contrast enhanced electron beam computed tomography seems to be of great importance for the non-invasive evaluation of the short-and long-term efficacy of coronary stenting. In our series, successful electron beam computed tomography evaluation corresponded to the results of coronary angiography in all cases. This highlights the potential value of electron beam computed tomography for follow-up examinations of patients with coronary stents.
Two patients with pathological findings related to the stented vessel segment were identified. A 59-yearold female patient presented for routine follow-up , low. In our small series, inter-and intra-observer variability was small (5%, respectively). Precise patient instruction proved to be essential to ensure adequate breath-holding and cooperation for a successful examination, which was not achieved in two patients (9%). These procedural problems did not arise because of the time breath-holding was required (less than 20 s), but rather from communication problems between investigator and patient. Not all patients understand instructions for breath-holding if they are not meticulously explained to them in advance.
Using the protocol presented in this study, no statement regarding flow-limiting, but not lumenoccluding stenoses could be made. Evaluation of the cine loop contrast pattern only allowed differentiation of occluded or highly obstructed stents from patent stents. Degrees of stenosis were not assessable. However, timedensity curve analysis was shown to be possible and may yield further information in conjunction with adequate testing to detect flow-limiting stenoses.
In 10 patients (45%) the interval between stent implantation and electron beam computed tomography was more than one month, and examination by electron beam computed tomography took place prior to coronary angiography. In 12 patients (55%) the examination was performed days following the implantation of the coronary stents, but as early occlusion must be suspected in up to 3-4% of patients' 5 ' 61 the probability of false-negative results in these 12 was low. Abrupt stent occlusion, which we would expect to detect using electron beam computed tomography, usually presents with severe clinical symptoms. No patient experienced these symptoms. However, insignificant or even significant degrees of restenosis may have been present.
At the present time, no other non-invasive diagnostic tool allows reliable assessment of coronary stent patency. Localization of the stents, even in peripheral coronary segments, cannot be achieved by other non-invasive techniques, but only by using intravascular ultrasound.
In conclusion, electron beam computed tomography is a promising new method for non-invasive assessment of coronary stent patency. It may become a valuable tool for follow-up examinations of patients with coronary stents. Occluded or highly obstructed stented vessel segments can be detected. Further elaboration of densitometric measurements in conjunction with stress testing may also help to identify less than totally or subtotally occluded vessel segments. Threedimensional reconstruction might be another useful technique 1 ' 61 .
